AbstrAct
Objective The aim of this study was to evaluate the prevalence and prognostic implication of iron deficiency (ID) and anaemia in patients with severe aortic stenosis (AS). Methods In an observational study of consecutive patients referred for aortic valve replacement (AVR), we assessed a wide range of biomarkers of iron status, including the definition of ID commonly applied in patients with chronic heart failure (ferritin <100 µg/L or ferritin 100-299 µg/L with a transferrin saturation <20%). The endpoints were short-term (one-year) and long-term (median 4.7 years, IQR: 3.8-5.5) mortality and major adverse cardiovascular events (MACE) within the first year after inclusion. Results 464 patients were included in this substudy. 91 patients (20%) received conservative treatment and 373 patients (80%) received AVR. ID was detected in 246 patients (53%). 94 patients (20%) had anaemia. Patients with ID had an overall worse clinical profile than patients without ID. During follow-up, 129 patients (28%) died. Neither ID as defined above, soluble transferrin receptor nor hepcidin were associated with short-term or long-term mortality or MACE independent on treatment allocation. Anaemia was associated with one-year mortality in conservatively treated patients. Conclusions ID and anaemia are prevalent in patients with severe AS. In our cohort, ID did not provide independent prognostic information on top of conventional risk factors. More studies are required to determine how to correctly diagnose ID in patients with AS. Trial registration number NCT01794832.
InTROduCTIOn
Iron deficiency (ID) is the most prevalent nutritional disorder in the world 1 and a common cause of anaemia. 2 Although ID traditionally is linked to anaemia, ID is prevalent even in the absence of anaemia and in itself limits function and survival. 3 4 ID is a frequent feature of various chronic diseases, and up to 50% of patients with heart failure (HF) have ID. 5 6 In HF, ID has been associated with reduced quality of life (QoL) and exercise tolerance and constitutes an independent predictor of morbidity, mortality and cardiac transplantation. [5] [6] [7] [8] Conversely, randomised controlled trials have shown that correction of ID with intravenous iron therapy improves functional capacity, QoL and six-minute walk distance. 9 10 Newer data also suggest that ID is detrimental in patients with coronary artery disease (CAD), 11 12 pulmonary hypertension 13 14 and possibly in patients undergoing cardiac surgery. 15 The diagnostics of ID in patients with chronic disorders, and in particular those characterised by low-grade systemic
Key questions
What is already known about this subject?
► Iron deficiency is detrimental in patients with chronic heart failure and possibly also in patients with other cardiovascular diseases such as coronary artery disease. Anaemia has been associated with adverse outcomes in patients with aortic stenosis, but no previous study has investigated the prevalence and prognostic implications of iron deficiency in patients with aortic stenosis regardless of haemoglobin level.
What does this study add?
► This study provides new insight on the significance of iron deficiency in patients with severe aortic stenosis. Our results show that iron deficiency and anaemia are common comorbidities in patients with severe aortic stenosis, with a prevalence of 53% and 20%, respectively. Iron deficient patients have worse clinical profile, but iron deficiency was not associated with increased mortality or morbidity. Anaemia was associated with one-year mortality in conservatively treated patients.
How might this impact on clinical practice?
► Knowledge of the significance of comorbidities such as anaemia and iron deficiency is valuable for clinicians treating patients with aortic stenosis. Although more studies are indicated to confirm our findings, there is currently no compelling basis for recommending treatment of isolated iron deficiency in patients with severe aortic stenosis.
inflammation, may be challenging. The most commonly used definition of ID in cardiology (ID; ferritin <100 ng/ mL or ferritin 100-300 ng/mL and transferrin saturation <20%) derives from large-scale studies of HF and includes both absolute and functional ID. 16 This definition is based on the assumption that, due to chronic disease, the ferritin cut-point for ID should be higher in patients with HF than in the general population. The validity of this definition has not until recently been evaluated, 17 and although the same argument for choosing a higher ferritin cut-point could be made in other chronic cardiovascular diseases such as aortic stenosis (AS), the transferability of this definition is unclear.
Patients with AS typically have numerous comorbidities, including anaemia, which occurs in 22%-57% of patients. [18] [19] [20] [21] Anaemia in patients with AS is associated with reduced QoL, poorer functional capacity and reduced survival. 18 19 However, in patients with AS, we do not know the prevalence of non-anaemic ID or the consequences of having ID.
In this study we examine the prevalence and prognostic implication of ID and anaemia in patients with severe AS (regardless of left ventricular ejection fraction (LVEF)). Our hypothesis was that ID would be prevalent in patients with severe AS, even in patients with normal haemoglobin. We also presumed that ID would be associated with increased morbidity and mortality in patients undergoing aortic valve replacement (AVR) as well as in patients not selected for surgery. We assessed a wide range of biomarkers of iron status beyond those that have been used for the definition of ID in patients with HF, e.g. hepcidin and soluble transferrin receptor that may be more reliable markers of ID in chronic disorders characterised by subclinical inflammation.
MeTHOds study design and patient population
This study is part of a prospective cohort study on survival, morbidity, functional status and QoL in consecutive patients with severe AS referred for evaluation for AVR at Oslo University Hospital Rikshospitalet in Norway between May 2010 and March 2013. 22 23 Inclusion criteria were age >18 years, severe AS and the ability to read and write in Norwegian. Patients were excluded if they did not have severe AS, were unwilling to participate or had previously undergone AVR. Severe AS was defined in accordance with current guidelines. 24 In cases of a low-flow, low-gradient state, with either preserved or reduced LVEF, patients were further evaluated by low-dose dobutamine stress and/or transoesophageal echocardiography. Patients were included before the decision as to whether to refer the patient to AVR or continued medical treatment was made and at follow-up after one year. By March 2017, mortality data were obtained from the national Norwegian Cause of Death Registry. Adverse clinical events and hospitalisation were assessed by reviewing medical records from Oslo University Hospital, where AVR was performed, and local hospitals in the year after inclusion. The endpoints for this study were all-cause mortality during short-term (one-year) and long-term (median 4.7 years, IQR: 3.8-5.5) follow-up and major adverse cardiovascular events (MACE) within the first year after surgery or inclusion. The composite endpoint MACE comprised transient ischaemic attack (TIA), stroke, myocardial infarction (MI) or all-cause death. All patients gave written informed consent before study participation.
Healthy subjects were either acquaintances of the staff, or they were recruited through announcements at the local blood bank (Blodbanken i Oslo) and at a local centre for the elderly. The inclusion criteria for healthy subjects were age >18 years, no signs or symptoms of cardiovascular disease, absence of any acute or chronic illness and no medications.
Clinical data
All patients underwent clinical and physical examinations at baseline and at follow-up after one year, including resting blood pressure evaluation, 12-lead electrocardiogram (ECG), peripheral blood sampling, six-minute walk test and transthoracic echocardiography.
Blood sampling and biochemistry
Peripheral venous blood was collected in tubes without any additives, allowed to coagulate for 60 minutes and centrifuged at 1500g for 12 minutes. The serum was aliquoted into multiple cryo tubes and stored at −80˚C until analysis. The serum concentrations of ferritin, iron, transferrin, total iron-binding capacity, transferrin saturation, soluble transferrin receptor and hepcidin were assessed as markers of iron status. Serum hepcidin and soluble transferrin receptor were measured using commercially available antibodies in an enzyme immune assay (R&D systems, Stillwater, Minnesota, USA), and the rest were measured by a Roche Modular P and E system.
The definition of anaemia was based on gender-specific cut-off values, as recommended by the World Health Organization (WHO) (haemoglobin <13.0 g/dL for men, <12.0 g/dL for women). 25 Haematological variables were assessed in fresh EDTA blood by the Sysmex automatic analyser.
Transthoracic echocardiography
Echocardiography was performed using Vivid 7 or E9 ultrasound scanners (GE Vingmed Ultrasound, Horten, Norway). The maximal aortic jet velocity was measured using continuous-wave Doppler ultrasound through multiple acoustic windows. The maximal instantaneous and mean pressure gradients across the aortic valve were measured using the time velocity integral, and the aortic valve area was calculated using the continuity equation. The modified biplane Simpson was used to calculate LVEF.
Valvular heart disease diagnosis and classification of Id When assessing the association between ID and mortality and MACE, we applied a consensus definition of ID used in patients with HF. 16 Tentatively, we also used the 5th percentile and lower quartile for hepcidin and the 95th percentile and upper quartile for soluble transferrin receptor, respectively, as markers of ID. Reference values for soluble transferrin receptor and hepcidin, from which the values for the percentiles were derived, were measured in 50 healthy subjects. As there is no validated definition of ID in patients with severe AS, we also examined the association between iron, ferritin, soluble transferrin receptor, hepcidin and transferrin saturation as continuously z-score log-transformed variables and one-year and long-term mortality.
statistical analysis Data analyses were performed using IBM SPSS V.25. Baseline data are expressed as means with standard deviation (SD), as medians with interquartile range (IQR) or as numbers and percentages depending on distribution form. Between-group differences were tested using the Student's t-test, Mann-Whitney U test or Pearson χ² test when appropriate. We assessed determinants of ID in a multivariable logistic regression model. The variables presented in table 1 were evaluated, and those with a significant univariable association with ID (p<0.20) were entered in a stepwise backward multivariable model based on the strength of their univariable association. Logarithmic transformation was performed to achieve normal distributions for skewed variables, such as N-terminal pro-B-type natriuretic peptide (NT-proBNP) and troponin T. When performing survival analysis, we divided the patients in groups of operated and conservatively treated patients. All analyses were performed according to the initial treatment strategy. Kaplan-Meier curves were constructed to demonstrate the effect of baseline markers of ID on cumulative survival. Differences in event-free survival rates were tested using the Cox-Mantel log-rank test. We performed Cox proportional hazard regression analyses to examine the associations between these variables and the risk of mortality during short-term and long-term follow-up, and the composite endpoint MACE within one year after inclusion. Baseline variables included in multivariable models were selected based on existing literature 27 28 and specified prior to testing. For mortality analysis, we adjusted for age, gender, New York Heart Association (NYHA) class III and IV, LVEF, CAD, diabetes mellitus and atrial fibrillation. For analysis on MACE, we adjusted for age, NYHA class III and IV, LVEF, CAD and diabetes mellitus. All tests were two-sided, and p-values<0.05 were considered statistically significant.
ResulTs

Clinical characteristics
Of 573 consecutive, eligible patients referred for evaluation of severe AS, 68 declined participation, 20 had moderate AS and 5 patients received another diagnosis. In all, 480 patients were enrolled in the cohort study, of whom 16 patients had an insufficient amount of serum stored in the biobank for analyses of iron parameters (figure 1). Among the 464 patients who were eligible for this substudy, 91 patients (20%) received conservative treatment due to either a lack of symptoms (n=34), refusal to undergo surgery (n=20) or either a high riskbenefit ratio or another disease that significantly reduces life expectancy (n=37). The remaining 373 patients (80%) underwent either surgical aortic valve implantation (n=337) or transcatheter aortic valve implantation (TAVI) (n=36) at Oslo University Hospital, Rikshospitalet. The characteristics of patients who underwent AVR and those of conservatively treated patients have been reported previously showing that patients who underwent surgery were younger, had a higher NYHA and Canadian Cardiovascular Society class, had fewer comorbidities and used less medication. 23 Baseline characteristics for all 464 patients and the 50 healthy volunteers are shown in table 1. Patients with severe AS had significantly higher serum levels of hepcidin, lower haemoglobin and higher NT-proBNP than the controls (all p<0.05). Based on the definition applied in patients with HF, ID was present in 246 patients (53%). 94 patients (20%) had anaemia. Patients with anaemia were more often iron deficient than non-anaemic patients (63% vs 51% respectively, p=0. Of the 94 patients with anaemia, 59 (63%) had ID. In the remaining 35 patients, we found a possible explanation for the anaemia in 13 patients (rheumatic disease, active cancer, kidney disease (estimated glomerular filtration rate <60 mL/min/1.73 m 2 ) and history of gastrointestinal bleeding). Presence of ferritin <30 µg/L, n (%) 31 (7) 31 ( Overall ID (as defined in patients with HF) was not associated with mortality (HR: 1.14 (95% CI 0.81-1.62), p=0.46 for long-term mortality and HR: 1.24 (95% CI 0.65-2.35), p=0.52 for one-year mortality). There was no significant difference in long-term mortality between patients with and without ID in either the operated or the conservatively treated group (log-rank p=0.25 and p=0.83 for the operated ( figure 3A ) and the conservatively treated patients, respectively). Nor was there any significant difference in one-year mortality between patients with and without ID in either group (log-rank p=0.23 and p=0.86 for the operated and the conservatively ( figure 3C) treated patients, respectively) . Online supplementary table 2 shows the number of patients and events in each group. ID was not an independent predictor of long-term mortality (p=0.88 and p=0.84 in the operated and conservatively treated patients, respectively) or one-year mortality (p=0.29 and p=0.31 in the operated and conservatively treated patients, respectively) after adjustment for predetermined clinical and echocardiographic predictors. The severity of the AS, as estimated by the aortic valve area, was not a significant confounder on top of the prespecified variables. In the subset of patients with an LVEF <50 (17%), there was no difference in long-term survival in either groups (log-rank p=0.91 and p=0.85 for the operated and the conservatively treated patients, respectively).
A low serum hepcidin level (below the lower quartile in the healthy control group) and a high-soluble transferrin receptor concentration (above the upper quartile in the healthy control group) were not associated with long-term mortality overall (log-rank p=0.52 and p=0.14 for hepcidin and transferrin receptor, respectively), or in the conservatively treated patients (log-rank p=0.65 and p=0.74 for hepcidin and soluble transferrin receptor, respectively) or in the patients who underwent surgery (log-rank p=0.51 and p=0.23 for hepcidin and soluble transferrin receptor, respectively). Nor were they associated with one-year mortality in either group. A serum hepcidin level below the 5th percentile and soluble transferrin receptor concentration above the 95th percentile in the healthy control group was not associated with either long-term or short-term mortality in either group.
When assessed as continuous variables, serum iron and transferrin saturation were associated with long-term mortality in patients who underwent surgery (HR: 0.77 (95% CI 0.62-0.97), p=0.024 and HR: 0.78 (95% CI 0.62-0.98), p=0.032, respectively) in univariable Cox regression analyses. This association did not remain significant when adjusting for the predetermined confounding factors. Soluble transferrin receptor, hepcidin and ferritin were not associated with long-term mortality when assessed as continuous variables in univariable Cox regression analyses. None of the five above mentioned markers of ID were associated with one-year mortality.
Anaemia was associated with long-term mortality in patients who underwent AVR (log-rank p=0.001) (figure 3B) but not in the conservatively treated group (log-rank p=0.14). Conversely, anaemia was associated with one-year mortality in the conservatively treated group (log-rank p=0.012) ( figure 3D ), but not in the operated group (log-rank p=0.85). In multivariable analyses, anaemia remained an independent predictor of one-year mortality in the conservatively treated patients (HR: 4.58 (95% CI 1.30-16.1), p=0.018) (online supplementary table 3).
Major adverse cardiovascular events
The composite endpoint MACE occurred in 73 patients within the first year after inclusion (stroke/TIA: 33, all-cause death: 25, MI: 15). 21 patients (23%) in the conservatively treated group and 52 patients (14%) in the group undergoing AVR experienced MACE. There were no significant differences in the event rates between patients with and without ID or anaemia in either treatment group. ID (online supplementary table 4), anaemia, low hepcidin or high-soluble transferrin receptor were not independent predictors of MACE in multiple analyses adjusted for predetermined predictors in either group.
The number of patients in the operated group hospitalised for HF at least once during the one-year observation period was 18 (9%) in the group with ID versus 11 (6%) for the group without ID (p=0.34). In the conservatively treated patients, the number of hospitalisations due to HF was 12 (26%) in the group with ID and 9 (20%) in the group without ID (p=0.49). There was no significant difference in the number of hospitalisation due to HF between patients with and without anaemia (p=0.34 and p=0.20 in the surgically and conservatively treated patients, respectively). In the group undergoing aortic valve intervention, 11 patients (6%) with ID and 10 patients (6%) without ID experienced life-threatening bleeding events in the perioperative phase (p=0.91) There was no significant difference in the proportion of life-threatening bleeding events between patients with and without anaemia (p=0.67).
dIsCussIOn This prospective study shows that both ID, as defined in patients with HF, and anaemia are common comorbidities in patients with severe AS, with a prevalence of 53% and 20%, respectively. The prevalence of anaemia in our patients was relatively low compared with what has been observed in recent studies on patients with AS mainly referred for TAVI, where the prevalence of anaemia has been reported to be between 22% and 57%. [18] [19] [20] [21] This is most likely explained by differences in patient characteristics. The current cohort included consecutive patients with severe AS who were referred to our tertiary centre for evaluation for possible AVR between 2010 and 2013. Some of the elderly, frail patients referred to TAVI today may not have been referred for surgery at the time. However, a substantial proportion of our patients were deemed too frail for aortic valve intervention (8%), treated with TAVI (8%) or categorised as asymptomatic (7%). We are confident that our results apply to contemporary patients who are evaluated for AVR due to severe AS. ID was present in 91 of 115 (79%) anaemic patients with AS referred for TAVI. 19 The prevalence of ID regardless of anaemia in patients with AS has not been addressed before. Assuming that the definition of ID in HF patients is applicable in patients with AS, the prevalence of ID is high.
The main objective of our study was to assess the prognostic implications of ID and anaemia in patients with severe AS. Using the definition commonly applied in patients with HF, we found that patients with ID in general were more comorbid than patients without ID, but there were no significant associations between ID and mortality or MACE. Since the usefulness of the operational definition of ID applied in patients with HF is unknown in patients with other cardiovascular diseases, we investigated whether soluble transferrin receptor or hepcidin could provide additional prognostic value. 29 30 These markers are not used as often due to their relatively short history and higher costs but have been proposed to be better markers for the determination of ID in patients with comorbidities and inflammation. 31 In our study, however, neither soluble transferrin receptor nor Valvular heart disease hepcidin was associated with outcome. We also assessed soluble transferrin receptor, serum iron, ferritin, transferrin saturation and hepcidin as continuous variables and found only a univariable association between serum iron and transferrin saturation with long-term mortality in the patients who underwent surgery.
In this study, we have applied many definitions of ID, none of which predicted outcomes. We therefore feel confident that ID (by any definition) does not portend outcomes in patients with severe AS. Anaemia was associated with long-term mortality in patients who underwent AVR and with one-year mortality in conservatively treated patients. The latter association remained significant after adjustment for conventional risk factors.
The majority of our patients received AVR. The detrimental effect of ID and anaemia may be offset by blood transfusions. After surgery, the original disease (AS) is removed, and ID and anaemia may autocorrect or no longer have the same negative effect on survival. Patients with AS often have Heyde syndrome, a triad of AS, acquired coagulopathy (von Willebrand syndrome 2A) and anaemia due to bleeding from intestinal angiodysplasia. 32 Since the acquired coagulopathy tends to correct itself and the anaemia tends to abate after valve replacement, 32 33 surgery may attenuate the effect of anaemia on mortality. This would explain the lack of association between presurgical anaemia and mortality in the patients who underwent surgery. We can only speculate as to why anaemia was associated with short-term, but not long-term, mortality in the conservatively treated patients. Given the limited number of patients in this group, this result must be interpreted with caution.
Baseline characteristics show an association between ID and functional capacity and QoL. Patients with ID also have higher NT-proBNP. In a study by DeLarochellière et al, 34 anaemia was an independent predictor of a poorer performance in the six-minute walk test and worse QoL in patients scheduled for TAVI. Gómez et al 20 showed in their study that the resolution of anaemia by treating ID was associated with improvements in echocardiographic parameters and functional status. These results suggest that low haemoglobin and maybe also ID limits physical capacity, is associated with reduced QoL and may represent a therapeutic target in patients with severe AS.
Patients with ID had smaller aortic valve area. Patients with ID were more frequently females and had smaller body surface area explaining this difference.
study limitations This is a prospective, single-centre, observational study. Biomarkers reflecting iron metabolism were measured at baseline only, and we have no data on how these values evolve over time. The majority of the patients had AVR, and outcome in patients undergoing surgery is complex and multifactorial. Unfortunately, we did not register data regarding patient-prosthesis matching. The results in the conservatively treated patients must be interpreted with care due to the heterogeneity of this group and the limited number of patients. Unfortunately, we did not record MACE beyond the first year of follow-up. Unfortunately, we have no data on the use of oral iron supplements at inclusion. In our opinion, the main weakness of this study is the uncertainty regarding determining true ID in patients with AS. However, we did a comprehensive analysis of markers reflecting iron metabolism, and it is reasonable to believe that we have been able to reflect iron status as correctly as possible.
COnClusIOns ID, as defined in patients with HF, and aneamia are common in patients with severe AS. ID was associated with worse clinical profile, but not with mortality or MACE in our patients with severe AS, most of whom received AVR. Anaemia was associated with one-year mortality in conservatively treated patients only. More studies are required to confirm these findings and to determine how to correctly diagnose ID in patients with AS. In our opinion, the definition of ID in chronic cardiovascular disorders could be improved by using additional markers that are less influenced by inflammation than ferritin.
